Currently, there is no low-molecular-weight agent for imaging of the pulmonary circulation. Adrenomedullin (AM) is a peptide predominantly cleared by the pulmonary circulation through specific endothelial receptors. We developed human AM derivatives radiolabeled with 99m Tc and evaluated their biodistribution, plasma kinetics, and utility as pulmonary vascular imaging agents. Methods: Two derivatives radiolabeled with 99m Tc were evaluated: the natural cyclic form of the peptide, to which the chelator diethylenetriaminepentaacetic acid was added (C-DTPA-AM), and the linear form, which allows direct labeling (L-AM). The compounds were injected into dogs, and the activities of the tracers in blood and in organs were determined with a nuclear medicine camera. Single-pass pulmonary clearance was measured by the indicator dilution technique. The capacity to image perfusion defects was evaluated after surgical pulmonary artery ligation. Results: Both derivatives were rapidly cleared from plasma, with elimination half-lives of 42 and 32 min for C-DTPA-AM and L-AM, respectively. The lungs retained most of the activity after 30 min; this activity was higher (P 5 0.02) for L-AM (42% 6 5% [mean 6 SEM]) than for C-DTPA-AM (27% 6 1%). Lung activity slowly declined over time but was maintained after 2 h at approximately 20% for both tracers. The single-pass pulmonary clearance of plasma L-AM was 414 6 85 mL/min. There was a higher level of urinary excretion of L-AM than of C-DTPA-AM. After pulmonary artery ligation, perfusion defects were easily detectable by external imaging. Conclusion: AM derivatives are promising compounds for molecular imaging of the pulmonary circulation. L-AM displayed higher levels of initial lung retention and of kidney excretion.
Human adrenomedullin (AM) is a 52-amino-acid multifunctional regulatory peptide that is widely distributed in various tissues and highly expressed in endothelial cells (1) (2) (3) . Plasma levels of AM are increased in various acute and chronic cardiovascular disorders, such as myocardial infarction and heart failure, as well as in many other pathologic conditions, such as pulmonary hypertension and parenchymal lung diseases (4, 5) . The predominant biologic effect of AM is vasodilatation, including the pulmonary circulation (6) , and this endogenous peptide is currently being considered for its beneficial therapeutic potential in cardiovascular disorders (4, 5) .
Recent studies have established that circulating AM is predominantly cleared by the pulmonary circulation through specific endothelial receptors (7) (8) (9) . The AM receptor is a heterodimer composed of the calcitonin receptor-like receptor and receptor activity-modifying protein 2, both of which are highly expressed in the lungs (1, 5) . The AM receptor is abundantly expressed in human alveolar capillaries and in rat pulmonary microvascular endothelial cells (10, 11) . Thus, human and rat lungs contain specific AM-binding sites (12, 13) at a density higher than that in any other organ studied (13) .
On the basis of this evidence, we hypothesized that AM derivatives labeled with an externally detectable agent could be used to image the pulmonary circulation. Hence, we developed a chelated derivative of the natural cyclic form of human AM by using diethylenetriaminepentaacetic acid (DTPA) as a chelating agent (C-DTPA-AM), allowing radiolabeling with 99m Tc. We also evaluated the linear form of the peptide (L-AM), which allows direct labeling without the need for a chelator. The present study was designed to systematically evaluate the biodistribution, pharmacokinetics, and multiorgan clearance of these two 99m Tc-labeled AM derivatives in dogs in vivo. Furthermore, the capacity of these molecular imaging agents to diagnose perfusion defects in the pulmonary circulation was evaluated after surgical pulmonary artery ligation.
MATERIALS AND METHODS

Synthesis and Purification of AM Derivatives
Human AM is a cyclic 52-amino-acid peptide comprising 2 cysteine residues located at positions 16 and 21 from the N terminus. The 2 cysteine residues are bound by a disulfide linkage, forming a loop composed of 6 amino acids. The linear derivative used in the present study (L-AM) has the same structure, except for the lack of a loop because of the omission of the disulfide linkage. This open linear form allows direct labeling with 99m Tc at the level of the available cysteine residues. The cyclic derivative used here (C-DTPA-AM) is identical to native human AM, except for the addition of DTPA as a 99m Tc chelator at the N terminus.
L-AM was synthesized by use of a solid-phase procedure based on fluorenylmethyloxycarbonyl chemistry with a Rink-AM-amide resin (Chem-Impex International) as the solid support.
Disulfide bond formation to produce C-DTPA-AM was performed by overnight air oxidation after dissolution of the linear peptide in an aqueous solution (pH 8.8) at a concentration of 0.1 mg/mL. The chelating moiety was incorporated in the peptide chain using DTPA dianhydride (Sigma-Aldrich) after a deprotection step of the amino terminus. Peptides were purified by reversed-phase high-performance liquid chromatography (RP-HPLC) with a flanged MODCOL column (25 · 3.5 cm) packed with a Jupiter C 18 matrix (15 mm, 30 nm) (Phenomenex).
Purity was evaluated by analytic RP-HPLC, and mass was established by matrix-assisted laser desorption ionization-time-offlight mass spectrometry (Voyager DE; Applied Biosystems).
Radiolabeling and Purification
Sample vials containing a 2.9 nM concentration of either C-DTPA-AM or L-AM were kept at 220°C. Radiolabeling was performed by adding to the vial 100 mL of HCl (1 mM) and 14.8 mL of SnCl 2 Á2H 2 O (0.2 mg/mL, 13 nM). Immediately after dissolution of the materials, 555 MBq of freshly prepared Na 99m TcO 4 (28.9 pM) in saline solution was added, and the mixture was kept at room temperature for 1 h. After the radiolabeling step, 1 mL of phosphate-buffered saline (pH 7.4) was added to buffer the solution.
The 99m Tc-C-DTPA-AM solution was purified with an RP-HPLC system (Millipore/Waters). The radiochemical purity, as evaluated by instant thin-layer chromatography, was 93% 6 2% (mean 6 SEM).
The 99m Tc-L-AM solution was purified with a Sep-Pak cartridge (Waters). The radiochemical purity, as measured by instant thin-layer chromatography with ITLC-SG strips from PALL Life Sciences (PALL Corp.), was $95%.
The average activity injected in the experiments was 148 6 41 MBq, and the specific activity was 52 6 15 MBq/nmol of derivative.
Anesthesia and Animal Preparation
All experimental procedures were performed in accordance with the regulations and ethical guidelines of the Canadian Council for the Care of Laboratory Animals and were approved by the Animal Ethics and Research Committee of the Montreal Heart Institute.
Plasma Kinetics and Biodistribution of C-DTPA-AM and L-AM
Mongrel dogs weighing 20-30 kg and testing negative for Dirofilaria immitis were anesthetized with intravenous sodium pentobarbital (50 mg/kg), intubated, and mechanically ventilated. Cutaneous electrocardiographic leads were installed, and 18-French intravenous catheters with 3-way stopcocks were inserted into both saphenous veins for injection and blood collection. Another catheter was inserted into the right femoral artery for continuous blood pressure monitoring. The animals were studied after intravenous injection of 18.5 mg (%185 MBq) of the labeled peptides (n 5 6 for C-DTPA-AM and n 5 7 for L-AM).
Pulmonary Artery Ligation
Pulmonary perfusion defects were created by surgical ligation of pulmonary arteries. Four animals were prepared as described earlier, and anesthesia was maintained with 1%23% isoflurane. After a medial thoracotomy, a lobar pulmonary artery was identified and ligated.
Single-Pass Pulmonary Clearance of L-AM
For precise quantification of the single-pass (first-pass) pulmonary clearance of L-AM, 8 dogs were prepared as described earlier. Transpulmonary indicator dilution curves were obtained with Evans blue dye-labeled albumin as a plasma reference as previously described in detail (14) .
In Vivo Biodistribution of C-DTPA-AM and Multiorgan Clearance
Biodistribution was evaluated with a mobile Anger camera (Technicare) or with a dual-head e-cam (Siemens Medical Systems). A low-energy, high-resolution collimator was used for acquisition with a 20% energy window centered on 140 keV. A dynamic acquisition including regions of the lungs, heart, liver, and kidneys was recorded for 30 min (one frame per second during the first minute and then one frame per minute for the remaining time) with 256 · 256 matrices at 2.4 mm per pixel. Static acquisitions were also recorded for whole individual organs (lungs, kidneys, liver, heart, bladder, and gallbladder) at 30, 60, and 120 min after the initial injection with 256 · 1,024 matrices.
Dynamic and static acquisitions were evaluated with Matlab version 7.01 image analysis tool software (The MathWorks, Inc.). The 99m Tc total count, mean count, and region of interest comprising the whole organ were calculated for each organ. Data correction was applied for radioactive decay, table correction (dorsal images only), geometric mean, and organ attenuation based on the transmission factor. Results were expressed as a percentage of the total radioactivity injected.
Binding Studies with Human Cells
The binding of L-AM and C-AM was evaluated with a human breast adenocarcinoma cell line (MCF-7). These cells express approximately 50,000 AM receptors per cell (15) . For each peptide, competitive-binding experiments were performed in triplicate with 125 I-AM (amino acids 1-52).
Statistical Analysis
Data for plasma kinetics were fitted by use of a 2-phase exponential-decay equation with GraphPad Prism version 4.0 software (GraphPad Software, Inc.). Differences between C-DTPA-AM and L-AM were evaluated with 2-tailed t tests. A P value of less than 0.05 was considered significant. All results were reported as mean 6 SEM.
RESULTS
Plasma Kinetics of AM Derivatives
Plasma levels of intravenously administered C-DTPA-AM (n 5 6) and L-AM (n 5 7) rapidly decreased in accordance with a 2-compartment model, with a rapid distribution half-life of less than 2 min and elimination half-lives of 42 min (95% confidence interval [CI], 30-68) and 32 min (CI, 22-61), respectively (Fig. 1) . Compartmental analysis revealed that the ratios of rate constants for exchange between the central and the peripheral compart-ments were high, at 24 for C-DTPA-AM and 19 for L-AM, demonstrating an important distribution of drugs into the peripheral compartment.
Biodistribution of AM Derivatives After Injection
The biodistributions of the AM derivatives after 30 and 120 min are shown in Figures 2A and 2B , respectively. After 30 min, predominantly the lungs retained the peptides, with 27% 6 1% of the injected dose for C-DTPA-AM (n 5 6) and 42% 6 5% for L-AM (n 5 7). The lungs were followed in importance by the kidneys (19% 6 1% for C-DTPA-AM and 23% 6 3% for L-AM) and the liver (12% 6 1% for C-DTPA-AM and 6% 6 1% for L-AM). There was minimal uptake in other organs. Compared with the uptake of C-DTPA-AM, the uptake of L-AM was significantly higher in the lungs but lower in the liver and the heart. Lung retention slowly declined over time but was maintained after 120 min at approximately 20% of the injected dose for both AM derivatives. The derivatives were excreted mainly by the kidneys, as evidenced by increasing kidney and bladder activities after 120 min. The level of urinary excretion of L-AM was higher but the level of liver uptake of L-AM was lower after 120 min.
An example of time-activity curves for the lungs, kidneys, liver, and heart of one animal after the injection of C-DTPA-AM is shown on a logarithmic time scale in Fig. 3 . The labeled AM derivative was rapidly extracted by the lungs within the first minute after injection, with evidence of ongoing recirculatory uptake and a slow progressive decline in activity over 2 h. The activity in the liver rapidly reached a plateau after only 3 min. In the kidneys, there was a constant and progressive increase in activity over the 30 min of observation.
Single-Pass Pulmonary Clearance of L-AM
The capacity of the lungs to clear circulating AM from the circulation in vivo was determined with the indicator dilution technique in 8 animals; an example of an indicator dilution curve is shown in Figure 4 . The single-pass pulmonary extraction of L-AM was 30% 6 5%, and the clearance of plasma L-AM by the pulmonary circulation was 414 6 85 mL/min.
Imaging of Pulmonary Circulation with AM Derivatives
An example of lung scintigraphic imaging after the injection of C-DTPA-AM is shown in Figure 5 . Shortly after injection, the radiolabeled derivative was seen in the inferior vena cava and the right heart chambers. After 20 s, there was mild activity in the heart region, and uptake by the lungs was already evident. After only 5 min, stable, homogeneous, and good-quality imaging of the lungs was obtained. Lung activity persisted for up to 2 h, and during this time, the elimination of some tracer in the gallbladder became evident. The rapid and prolonged uptake of AM by the lungs represented an important advantage for the clinical development of this tracer. A whole-body scan obtained 30 min after the injection of L-AM into a dog is shown in Figure 6 . Kidney elimination of the tracer was already evident at 30 min with some bladder activity.
To demonstrate that these new tracers could be used to image lung perfusion defects, we performed additional experiments after surgical ligation of lobar pulmonary arteries (n 5 4). Corresponding anatomic perfusion defects were easily detectable after the injection of AM derivatives. An example of tomographic imaging of a perfusion defect with L-AM after ligation of the right middle lobar pulmonary artery is shown in Figure 7 ; tomographic imaging in a control animal is shown for comparison. A typical wedgeshaped vascular defect was easily detectable.
Competitive Binding to Human Cells
Both C-DTPA-AM and L-AM displayed competitive binding to MCF-7 cells, with 50% inhibitory concentrations Tracer demonstrated homogeneous lung uptake, enabling good-quality imaging. There was evidence of kidney elimination with bladder activity as well as some liver activity.
of 19 nM (95% CI, 9-39) and 70 nM (95% CI, 32-140), respectively.
DISCUSSION
We evaluated the potential utility of AM derivatives for molecular imaging of the pulmonary circulation. We found that intravenously injected radiolabeled AM derivatives rapidly disappeared from the circulation through predominantly pulmonary uptake, with a slow decline in lung activity over time. These properties allowed good-quality external imaging with a nuclear medicine camera and resulted in the detection of perfusion defects.
Lung perfusion scans are widely used for the diagnosis of pulmonary embolism (16) . The only agent currently available for scintigraphic lung imaging is 99m Tc-labeled albumin macroaggregates ( 99m Tc-MAA). These human-derived particles, varying in size from 10 to 90 mM, become physically trapped in small pulmonary vessels, thereby allowing external detection. The use of 99m Tc-MAA is therefore limited to the detection of anatomic lung perfusion defects; because the agent does not have access to nonperfused regions of the lungs, there is a diagnostic ''cold zone'' on lung scans.
In the present study, we used 99m Tc-labeled AM derivatives for molecular imaging of the pulmonary circulation. Previous studies established that the lungs are a primary site of AM clearance (5, 6) . With 125 I-AM as a tracer, the high binding affinity for dog lungs in vivo was evidenced by 36% first-pass clearance (7). This value is comparable to the first-pass extraction of 30% 6 5% found in the present study with L-AM. We previously demonstrated that this represents specific binding as 125 I-AM clearance by the lungs of rats is displaced by AM (7) .
In the present study, we also confirmed the competitive binding of L-AM and C-AM to human cells known to express AM receptors. Unlike the binding of 99m Tc-MAA, the binding of 99m Tc-AM is a biologic process dependent on the density and affinity of specific AM receptors (8, 17) . The latter agent therefore has the potential to image not only anatomic perfusion defects but also functional defects that could modify AM receptor density or affinity. Using L-AM, we confirmed the potential utility of 99m Tc-labeled AM derivatives for the diagnosis of anatomic perfusion defects mimicking pulmonary embolism. We obtained good-quality imaging with easily detectable perfusion defects. Future studies are needed to determine whether 99m Tc-labeled AM derivatives might be valuable for the detection and quantification of conditions affecting not only the density but also the activity of AM receptors. Some preclinical as well as clinical data do suggest that the lung uptake of AM could be reduced in various conditions. For example, in a sepsis model, increased circulating AM levels are accompanied by reduced levels of expression of lung AM receptors, suggesting that the reduced clearance could contribute to the elevated circulating AM levels (18) . However, it is currently not known whether AM receptor activity is specifically modified in the pulmonary circulation in various cardiovascular disorders, such as pulmonary hypertension of various etiologies and heart failure. Whether such an imaging modality might be useful for conditions other than vascular perfusion defects remains hypothetical and subject to further research.
CONCLUSION
Chelated AM derivatives displayed a short plasma halflife with prolonged predominantly lung uptake, allowing external lung perfusion imaging. These agents can be used to detect anatomic perfusion defects and have the added potential for functional vascular imaging. Compared with the natural cyclic form of the peptide, the linear form of AM allows direct labeling and displays a higher level of early lung retention as well as a higher level of urinary elimination-properties that make this derivative a more attractive imaging agent.
